The human somatosensory cortex (S1) is capable of modification after partial peripheral deafferentation, but it is not known whether spinal and brainstem changes contribute to this process. We recorded spinal, brainstem and cortical somatosensory evoked potentials following ulnar nerve stimulation in patients affected by unilateral carpal tunnel syndrome with EMG evidence of chronic alterations in median nerve sensorimotor conduction at the wrist lasting at least 4 weeks, and compared them with those from the unaffected hand and with those obtained in a control group. Amplitudes of spinal N13 and brainstem P14 potentials following stimulation of the ulnar nerve ipsilateral to the deafferented median nerve were greater than those following stimulation of the
Introduction
Animal studies have shown that cortical representations of sensory surfaces reorganize after partial peripheral deafferentation so that some of the deprived cortex comes to be activated by inputs from skin regions near the deafferented zone (Merzenich et al., 1983a, b; Calford and Tweedale, 1991; Pons et al., 1991) . These changes may occur rapidly (including short-term changes) (Merzenich et al., 1983b; Calford and Tweedale, 1991) or they may become progressively more pronounced over time (long-term changes) (Merzenich et al., 1983a, b) . Short-term changes have been interpreted as reflecting an immediate unmasking (disinhibition) of pre-existing thalamocortical projections arising from skin territories adjacent to the deprived region (Merzenich et al., 1983b; Calford and Tweedale, 1991; Garraghty et al., 1991; Schroeder et al., 1995) ; long-term
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contralateral ulnar nerve. Side-to-side amplitude differences in N13 and P14 were greater in patients than in the control group. Parietal N20 and P27 potentials, supposedly generated in S1, were also significantly increased. The present results suggest that a chronic pathological modification of peripheral sensorimotor inputs is associated with changes in neural activity at multiple sites of the somatosensory system. Changes in spinal and brainstem structures could contribute to the mechanisms subserving changes in the S1. Changes in synaptic strength and unmasking inputs secondary to disconnection of the normally dominant inputs to the 'median nerve' cortex may be the mechanisms underlying ulnar nerve SEP changes.
changes have been interpreted as reflecting increases in synaptic efficacy of previously existing synapses and also establishment of new anatomical connections (sprouting) (Merzenich et al., 1983a, b; Raisman and Field, 1988; Garraghty and Kaas, 1991; Pons et al., 1991; Garraghty and Muja, 1996) . This results in an increased excitability of somatosensory cortex (S1) neurons by the residual afferent inputs.
Short-and long-term reorganization of receptive fields following peripheral deafferentation is not confined to the cerebral cortex but also occurs in the spinal dorsal horn and brainstem structures of the somatosensory pathway (for example, in the nucleus cuneatus) (Dostrovsky et al., 1976; Pubols and Brenowitz, 1981; Pettit and Schwark, 1993; Florence and Kaas, 1995) . Changes in subcortical structures could be one of the mechanisms subserving large scale reorganization in the S1.
In humans, non-invasive neuromagnetic as well as positron emission tomography techniques have been used to demonstrate aspects of short-and long-term S1 changes in normal subjects after transient peripheral deafferentation (Rossini et al., 1994; Sadato et al., 1995) and in longstanding amputee patients (Elbert et al., 1994; Kew et al., 1994; Yang et al., 1994; Flor et al., 1995) . However, these techniques are not sensitive enough to demonstrate changes in spinal and brainstem structures of the somatosensory pathway, and thus their role in changes occurring in the S1 has still to be elucidated. This difficulty may be overcome using the somatosensory evoked potential (SEP) recording technique, which offers a unique opportunity to assess spinal, brainstem and cortical neural activity of the lemniscal somatosensory pathway in man.
Using this technique we have recently found that transient peripheral denervation induces rapid, reversible modulation of S1 evoked responses without producing any detectable changes in spinal and brainstem responses (Tinazzi et al., 1997) . These findings suggest that short-term changes in the neural activity of the human S1 following transient peripheral denervation may be mostly independent of changes in excitability at spinal and brainstem levels.
However, since the short-term changes that follow peripheral nerve transection account for only a small minority of the changes in cortical topography occurring over weeks or months (Merzenich et al., 1983b; Garraghty and Muja, 1996) , our observations did not allow us to draw any conclusions as to the possible involvement of spinal and brainstem structures in long-term changes occurring in human S1. To this end, we recorded spinal, brainstem and cortical somatosensory evoked responses to ulnar nerve stimulation in patients affected by unilateral carpal tunnel syndrome who had EMG evidence of chronic abnormality of median nerve sensorimotor conduction at the wrist.
Methods and subjects
We studied 12 right-handed patients (eight women and four men), aged 37-55 years (mean 45.2 years) with unilateral (right) carpal tunnel syndrome of 11-25 months duration and with clinical and EMG evidence of pathological sensory or sensorimotor conduction in the distal territories to the median nerve (Kimura, 1989) . Twelve right-handed healthy subjects matched for sex (seven women and five men) and age (34-52 years; mean 41.2 years) served as a control group. Handedness was determined by the Oldfield Questionnaire (Oldfield, 1971) . Peripheral sensory and motor action potentials were recorded by supramaximal stimulation of the median and ulnar nerves at the wrist and elbow, bilaterally. Sensory nerve potentials were detected through ring electrodes placed around each finger, and muscle action potentials were recorded through AgCl skin electrodes placed over the abductor pollici brevis and abductor digiti minimi.
All patients had unilateral right carpal tunnel syndrome without an ulnar nerve lesion, and with absence of neurological and systemic diseases such as polyneuropathy, familial amyloidosis, acromegaly, rheumatoid arthritis, systemic lupus erythematosus, hyperparathyroidism or diabetes. The clinical and EMG data of the patients are given in Table 1 .
The control subjects were right-handed and had normal clinical and EMG examinations. All subjects gave written informed consent for participation in the study, and the protocol was approved by the Ethics Committee of the University of Verona.
Sensory threshold determinations
An electrical stimulus was delivered to the pad of the little finger of each hand by AgCl surface skin electrodes. The threshold for detection of the stimulus was determined by the method of limits (Gescheider, 1976) .
A two-point discrimination threshold was measured by means of callipers with blunt points and a millimetre scale showing the distance between the points. The interpoint distances evaluated were 2, 3, 4, 5, 6, 7, 8, 9 and 10 mm. The instrument was applied to the pad of the little finger, with the tips directed perpendicular to the skin surface, and was rested lightly on the skin for~1 s. The different interpoint distances were tested in random order, and the subjects were unaware of which distance was being applied. A total of 10 stimuli were delivered for each interpoint distance. The subjects were asked to report if they felt one or two points.
Tactile sensation was determined with a blunt pin. The skin of the finger pad was touched with the pin roughly perpendicular to the skin surface, and the pin was moved~5 mm after making contact with the skin. The blunt pin was applied to all finger pads of the right and left hand. Subjects were asked to report if they felt the touch or not.
SEP recording procedure
The EMG was repeated after 1 month, before SEP recording, in order to ascertain that pathological involvement of median nerve sensory or sensorimotor conduction had persisted during this period.
For SEP recording the subjects layed on a bed in a quiet room. SEP recordings were obtained via a four-channel apparatus in all patients and normal subjects; electrodes were placed at the elbow (bipolar recording) in order to monitor the amplitude of the signal entering the spinal cord, over Cv6, the cervical electrode (referred to the anterior neck, AC) and in the parietal and frontal scalp regions contralateral to stimulation (P3 and P4, and F3 and F4, respectively) . The bandpass was 5-1500 Hz (-3 dB at the cut-off point, 6 dB per octave) with an analysis time of 50 ms and a bin width of 103 µs. Scalp SEPs were also recorded using a 26-channel equipment in six out of 12 patients and in six out of 12 normal subjects. Recording electrodes were placed at 18 
SAP ϭ median nerve sensory antidromic potential; MAP ϭ peripheral motor action potential from abductor pollici brevis; ϩ ϭ present; -ϭ absent.
locations of the 10-20 system (excluding O1, O2, Fpz). Additional recording electrodes were placed at the TO1, TO2, TC1, TC2, P5, P6, CP1 and CP2 locations. SEPs were recorded within a 128-ms window and digitalized at 4 kHz to obtain a bin width of 250 µs. Waveforms were amplified ϫ30 000 with a bandpass of 5-1000 Hz (12-dB roll-off). The reference electrode was at the earlobe ipsilateral to the stimulation site. Stimuli were electrical square pulses of 0.2-ms duration delivered through skin electrodes over the ulnar nerve at the wrist at a repetition rate of 1.2 Hz. The stimulus intensity was at the motor threshold, making sure that the peripheral volley recorded at the elbow had an amplitude of 20 µV on both sides. In the first five out of 12 patients included in the study (Patients 11, 10, 12, 9 and 2), SEPs were also recorded by stimulating the digital nerves of the middle and little finger of both hands with ring electrodes (with an intensity of stimulation of three times the sensory threshold). Samples with excess of interference were automatically rejected from the average. A total of 800 sweeps were averaged. Each test was repeated at least twice to confirm the reproducibility. The sum of two repeatable averages was used for amplitude and latency measurements.
We evaluated peak latencies and amplitudes of the spinal N13 and brainstem P14 potentials, and cortical N20, P27 and N30 SEPs. Amplitudes were measured both from the preceding peak (peak-to-peak) and from the baseline.
The overall distribution of cortical potential values was estimated by spline interpolation in the six patients and six normal subjects studied using a multiple scalp recording system. Among the cortical potentials, special attention was paid to the N20 and P27 potentials, which are thought to originate in primary S1 (Desmedt et al., 1987; Allison et al., 1991) . Their amplitudes were measured at the location where they were maximal. In addition, we determined, in each topographic map, the scalp locations where the N20 and P27 components were ജ70% of their maximal amplitude, according to the method used by Pascual- Leone and Torres (1993) .
Statistical analysis was performed using the paired t test with Bonferroni's correction to compare SEP amplitudes obtained from the right and left ulnar nerve in patients, and to compare them with SEP amplitudes from the right and left ulnar nerve in the control group. P Ͻ 0.05 was taken as the significance threshold.
Results
There were no significant differences in the sensory thresholds, for the electrical stimulus on the little finger, between the unaffected and affected hand (3.4 Ϯ 1.1 mA versus 3.2 Ϯ 0.9 mA, respectively; absolute right to left difference, 0.2 Ϯ 0.6 mA) or between the patients and the control group (absolute right to left difference, 0.2 Ϯ 0.5 mA). The two-point discrimination threshold on the little finger ranged from 2 to 3 mm, both in patients and in the control subjects.
In both normal subjects and patients, the amplitude of the peripheral potential recorded at the elbow in response to ulnar nerve stimulation at the wrist was symmetrical, demonstrating that there was no difference between the inputs of the two sides (Figs 1 and 2) .
The following components were identified in all subjects: the N13 potential recorded at Cv6; the scalp P14 potential over the parietal and frontal electrodes; the N20 and P27 potentials recorded over the parietal region contralateral to the stimulation side; and the P20 potential followed by a large negativity (the N30 potential) recorded over the contralateral frontal region (Figs 1 and 2) .
The results for the N13, P14, N20, P27 and N30 components are shown in Table 2 . The amplitudes of the spinal N13, brainstem P14, and cortical N20, P27 and N30 potentials following stimulation of the right ulnar nerve (affected hand) were significantly larger than those obtained 5), recorded with a four-channel device. Peripheral potentials are recorded at the elbow with a bipolar montage. Note that the peripheral potential recorded at the elbow has the same amplitude on both sides. The N13 potential is recorded with a Cv6-AC montage. Over the scalp, the N20 potential recorded over the parietal electrodes (P3 and P4) contralateral to the stimulation side is preceded by a P14 potential and followed by a large P27 potential. The N20 potential is reflected by a reversed-phase P20 potential over the frontal electrodes (F3 and F4) followed by a large negativity (N30 potential). Note that the spinal N13, brainstem P14, and cortical N20, P27 and N30 potentials evoked by stimulation of the right ulnar nerve are greater in amplitude than those following stimulation of the left ulnar nerve. in response to stimulation of the left ulnar nerve (unaffected hand). These amplitudes were also larger than those obtained in the control group. Examples of the right and left SEP traces recorded from three representative patients are illustrated in Figs 1 and 2, and in Fig. 4B .
Stimulation of the middle finger of the affected hand did not evoke any recordable spinal, brainstem or cortical SEPs in any of the five patients in whom SEPs were evoked by stimulation of digital nerves (Patients 11, 10, 12, 9 and 2), indicating that afferent signals along the large afferent sensory fibres of the median nerve did not normally reach the CNS.
Spinal N13 and brainstem P14 potentials following stimulation of the digital nerves of the little finger were not readily identified in any of these five patients (the N13 and P14 potentials were not identifiable in three and two patients, respectively) while cortical SEPs were recorded in all of Data are presented as mean amplitudes measured peak-to-peak (Ϯ SD). *P Ͻ 0.05 after Bonferroni's correction. them. The amplitudes of cortical N20, P27 and N30 potentials obtained in response to stimulation of the right little finger (affected hand) were larger than those obtained in response to stimulation of the left little finger (unaffected hand). An example of the right and left SEP traces recorded from one representative patient are illustrated in Fig. 3 . In the six patients studied using a multiple scalp recording system, the amplitude and the field distribution of N20 and P27 potentials (when evaluated as the number of scalp electrodes where the N20 and P27 potentials had an amplitude ജ70% of their maximal amplitude) were significantly greater for the affected hand than for the unaffected hand (Table 3 and Fig. 4A ). The scalp areas of the N20 obtained in response to right ulnar nerve stimulation in patients was also significantly greater than that of the N20 following right and left ulnar nerve stimulation in normal subjects. The scalp areas of the P27 potential obtained in response to right ulnar nerve stimulation in patients were significantly greater than those of the P27 following left ulnar nerve stimulation in normal subjects but not following right ulnar nerve stimulation (Table 3 and Fig. 4A ). Figure 5 shows the N20 and P27 maps obtained in response to right and left ulnar nerve stimulation in patients and in the control group (grand averages of six patients and six healthy subjects). In patients, the right to left SEP amplitude differences (expressed as a percentage of the voltage of the SEP responses obtained to left stimulation [100 ϫ (right -left amplitude)/ left amplitude] of spinal, brainstem and cortical responses varied among the subjects, but were always ജ100%. The means of right to left SEP amplitude differences of the spinal and brainstem responses were smaller than those of cortical responses. The mean right to left amplitude differences were 130.7% for N13 (range, 110-158.3%), 141.3% for P14 (range, 100-200%), 186.9 for N20 (range, 123-277%), 162% for P27 (range, 123.6-250%) and 159.1% for N30 (range, 134.2-220%).
Among the control subjects, there was a slight trend towards a larger amplitude of all SEP components obtained following stimulation of the right ulnar nerve than those obtained following stimulation of the left ulnar nerve, but this difference was not significant (Table 2 ). An example of the right and left SEP traces from one representative normal subject is shown in Fig. 6B . The right to left amplitude differences of the N13, P14, N20, P27 and N30 potentials varied among the control subjects, and in some subjects were Ͻ100% (in two subjects for N13, in three for P14, in four for N20, in four for P27 and in five for N30).
The mean right to left amplitude differences were 110.4% for N13 (range, 83-162.5%), 113% for P14 (range, 66.6-175%), 124.4 for N20 (range, 69.2-225%), 118.4% for P27 (range, 60-200%) and 120.2% for N30 (range, 57.8-228.5%).
In normal subjects, the topographic study of cortical SEPs showed a slight, but insignificant, trend towards larger scalp areas responding to the right (dominant) ulnar nerve (Table 3 ; Fig. 6A ) than to left-side stimulation, mainly for the P27 potential.
Peak latencies of SEPs in response to stimulation of the ulnar nerve ipsilateral to the affected hand did not display any significant differences with respect to those obtained following stimulation of the ulnar nerve of the unaffected hand or with respect to those from the control group.
Discussion
The results add to the body of evidence pointing to a considerable capacity of the somatosensory system of adult primates to undergo major reorganization as a consequence of physiological (Jenkins et al., 1990; Recanzone et al., 1992a, b, c, d; Pascual-Leone and Torres, 1993; Wang et al., 1995) or pathological modifications of sensory inputs Before grand averaging, all traces were aligned at the N20 peak time, in order to avoid the artificial 'smoothing' of early peaks due to the dissimilar heights (and thus latencies) of our subjects. Because we had no pre-stimulus delay, this manoeuvre affected only the last 5 ms of the analysis time, which were not considered in the study. Scalp potential negativity and positivity (both measured from the baseline) are coded in blue and in red colours, respectively. Note that in the patient group the field distribution of N20 and P27 potentials obtained in response to stimulation of the right ulnar nerve is greater than that obtained in response to stimulation of the left ulnar nerve, while in normal subjects the N20 and P27 distributions from right and left ulnar nerve are similar. (Merzenich et al., 1983a, b; Pons et al., 1991; Elbert et al., 1994; Kew et al., 1994; Rossini et al., 1994; Yang et al., 1994; Flor et al., 1995; Florence and Kaas, 1995; Tinazzi et al., 1997) .
The main finding of the present study is that, in man, chronic pathological modifications of peripheral sensorimotor inputs induce changes in spinal and brainstem potentials associated with changes in cortical responses. We found that spinal, brainstem and cortical SEP amplitudes following stimulation of the ulnar nerve ipsilateral to a median nerve lesion were greater than those recorded in response to stimulation of the ulnar nerve of the unaffected hand and than those recorded in a control group. SEP amplitude differences between the affected and unaffected hand were not associated with right to left differences in sensory perception as assessed by electrical sensory and two-point discrimination threshold. The absence of patient right to left differences in the ulnar nerve sensory potentials recorded at the elbow suggests that these SEP changes occur within the central somatosensory pathways.
It has been documented in animals that there is a broad overlap in the S1 between the neuronal networks representing different parts of the body (Schieber, 1992; Schroeder et al., 1995) . The neuronal elements in such networks maintain a flexible and dynamic balance based on the demand of, and competition between, afferents. Increased use and enhanced sensory feedback from a body part, especially if coupled with a functional gain in perception, may lead to a shift in the balance of the intracortical networks towards that part of the body. This might explain learning-associated modulation of the S1 representing the reading finger in Braille readers (Pascual-Leone and Torres, 1993) . Conversely, removal of peripheral inputs, as in our patients, is associated with S1 reorganization with the result that some of the deprived cortex becomes reactive to peripheral inputs coming from neighbouring portions of the S1 map. This might explain the enhancement of cortical SEPs which we found on stimulating the ulnar nerve ipsilateral to the damaged median nerve. In particular, the parietal N20 and associated P27 potentials, which are thought to originate in S1 (Desmedt et al., 1987; Allison et al., 1991) , were both enhanced, although the P27 increase (measured peak-to-peak) may partially depend on the N20 enhancement. Significant enhancement was also observed for the frontal N30 potential which, like the parietal responses, originates at a cortical level, although it is still uncertain if it takes origin in the supplementary motor area (Desmedt et al., 1987) or in S1 (Allison et al., 1991) .
Median nerve transection is followed by a predictable sequence of changes within the deprived portion of the primary S1 which probably occur in two phases (Merzenich et al., 1983b; Garraghty et al., 1990; Garraghty and Kaas, 1991; Calford and Tweedale, 1991; Garraghty and Muja, 1996; Schroeder et al., 1996) . At first, some deprived neurons immediately express new receptive fields, while in the second phase, the remaining neurons regain responsiveness over the ensuing weeks or months. The initial recovery phase is probably due to unmasking of pre-existing thalamocortical projections and it seems to be GABA-mediated (Garraghty et al., 1990; Jacobs and Donoghue, 1991) while the second phase, which probably is mediated by NMDA receptors (Garraghty and Muja, 1996) , is characterized by more pronounced topographic changes (normally completed in 4 weeks) which have been interpreted as reflecting a gradual synaptic strengthening secondary to the disconnection of the normally dominant inputs to the 'median nerve' cortex (Merzenich et al., 1983a, b; Garraghty and Kaas, 1991; Garraghty and Muja, 1996) .
Both these functional mechanisms activated by a chronic disconnection of peripheral sensorimotor inputs could contribute to the cortical SEP modulation which we have observed. Since some patients complained of sensory deficits several months before SEP recording, we cannot rule out the possibility that sprouting processes may also contribute to SEP modulation. Similar mechanisms have been assumed to explain the increase in regional CBF and the rearrangement of magnetic fields in the S1 in long-standing amputee patients (Elbert et al., 1994; Kew et al., 1994; Yang et al., 1994; Flor et al., 1995) . This cortical SEP enhancement was not related to any sensory perceptual advantage for the patients in the ulnar nerve skin regions ipsilateral to the deafferented median nerve. Gains in perceptual sensory experiences of a body part secondary to increased use and enhanced sensory feedback of that body part are usually regarded as an indicator of progressive S1 modulation (Jenkins et al., 1990; Recanzone et al., 1992a, b, c, d; Wang et al., 1995) . It is therefore plausible that the increase in the ulnar nerve cortical SEPs is not due to an enhanced sensory feedback from the ulnar nerve skin regions; it might depend exclusively on the removal of the normally dominant inputs from the ipsilateral median nerve. However, this cannot be conclusive since the clinical tests used might not be sensitive enough to detect minimal changes in sensory perception. Assessment of differences in primary sensory qualities is beyond the scope of the present study. This issue has to be addressed using clinical tests which use more specific sensory stimuli.
An important question is whether these long-term plastic changes are specifically related to the cortex or whether they receive a contribution from changes in neural activity occurring in the dorsal horn of the spinal cord or in the nucleus cuneatus. Animal studies have demonstrated that long-term receptive field reorganization in these structures may also occur after peripheral deafferentation (Dostrovsky et al., 1976; Pubols and Brenowitz, 1981; Pettit and Schwark, 1993; Florence and Kaas, 1995) . These changes are typically more limited in extent than those that appear in S1. Since the topographic representation of the body is greatly magnified in the relay to the cortex, it has been suggested that these minor changes in spinal and brainstem structures might alone account for most of the large-scale S1 reorganization (Florence and Kaas, 1995) . We evaluated the possible involvement of spinal and brainstem structures by recording spinal N13 and brainstem P14 potentials.
The cervical N13 potential reflects the postsynaptic neuronal activity of the dorsal horn and is mainly correlated with activation of group II peripheral afferent fibres (Willis et al., 1973; Beall et al., 1977; Desmedt and Cheron, 1981) . Scalp P14 far-field potential reflects the postsynaptic response of the nucleus cuneatus (Moller et al., 1986) .
Like cortical SEPs, the cervical N13 and P14 potential amplitudes following stimulation of the ulnar nerve ipsilateral to median nerve compression were greater than those recorded in response to stimulation of the ulnar nerve of the unaffected hand, although this difference was much less pronounced than that between the cortical SEPs. Thus, as reported in animals (Florence and Kaas, 1995) , it is possible that, in humans, minor detectable changes in the lowest structures of the somatosensory system are magnified in the relay to S1. Increase in spinal and brainstem responses following chronic disconnection is of particular interest, in view of the finding that no similar phenomena were observed in a study of 'acutely' deafferented subjects (Tinazzi et al., 1997) . Transient peripheral deafferentation induced by anaesthesia was associated with an increase in S1 responses without spinal and brainstem changes. This suggests that shortterm modulation in the S1 neural activity can be largely independent of changes in excitability at lowest levels.
The different behaviour of spinal and brainstem responses in the two deafferentation conditions may be related to a more pronounced reorganization of receptive fields following chronic, rather than transient, peripheral deafferentation. These observations suggest that long-term S1 modulation might be related to changes in spinal and brainstem structures, while short-term S1 modulation is not, at least in our experimental SEP recording condition.
The thalamus may also contribute to this modulation (Nicolelis et al., 1993) . Unfortunately, there is no reliable evidence that specific SEP responses reflecting neural activity of the ventroposterolateral thalamic nucleus can be recorded over the scalp. However, recent observations from animal studies suggest that S1 modulation seems to depend not only on changes occurring in the ventroposterolateral thalamic nucleus (Diamond et al., 1994) but also on changes in neuronal networks intrinsic to the cortex which are not directly connected with the lemniscal pathway.
All these findings suggest that long-term S1 modulation in man might depend on changes occurring both in the lowest structures of the somatosensory system and within the S1 itself. It is possible that changes in synaptic strength and unmasking inputs secondary to the elimination of the normally dominant inputs to 'median nerve' cortex can both underlie changes in ulnar nerve SEPs.
